Abstract Environmental protection has mentioned the need to cut out all of fuels sulfur compounds. One of the most important processes that affect sulfur removal in atmospheric condition is the interaction of liquid fuels with solid sulfur removal adsorbents such as zeolites. To investigate the nano-AgX-zeolite efficiency for the sulfur adsorption process, a set of experimental tests was arranged and conducted by Box-Behnken design software, in an adsorption laboratory setup. The selected variables comprised metal percent, adsorption temperature and calcination temperature. The parameter levels were 0.5-10 %, 30-120 and 200-500°C, respectively. The experiment results were used to find the statistical model. The results demonstrate that the sulfur concentration level is 48.36 ppm in the last product at 83°C for adsorption temperature, 5.53 % for metal percent and 436°C for calcination temperature in constant pH and constant process time.
Introduction
In recent years, more strict rules have been developed to reduce transportation fuels sulfur levels for environmental protection purposes. Hydro desulfurization (HDS) is an effective method for removing mercaptans and sulfides, but this method is not suitable for the thiophenic compounds removal. For instance, H 2 S generated in some thiophene compounds reaction is a major inhibitor for ultra-deep hydrodesulfurization (UDHDS) of non-reactive varieties (Gutiérrez et al. 2014; Zepeda et al. 2014) . Recent studies have shown that r-complexation in adsorbent is a greater adsorption force than other forces for this main application. Molecular orbital calculation has noticed that the r-complexation bond between metals such as Ag? and thiophene is the greatest force with aromatics, for example benzene. Therefore, r-complexation adsorbent is delicate in fuels sulfur removal (Yi et al. 2013; Yang et al. 2002; Salmasi et al. 2013; Hernández-Maldonado and Yang 2003) . The detailed discussion for liquid fuel desulfurization by adsorption is reviewed from many sources (Yang 2003) . Ma et al. (2002 Ma et al. ( , 2005 investigated thiophenic compounds adsorption by fixed-bed reactor from gas oil and jet fuels, using silica gel with 5 wt% loading of transition metal compound. This study was also done only for 4,6-dimethyldibenzothiophene and dibenzothiophene (DBT) molecules removal. MIP, polymer nanofiber and fruit wastes are used to create specific molecular recognition sites to identify molecules of sulfur compounds template (Yong et al. 2014; Ogunlaja et al. 2014; Ahmed and Ahmaruzzaman 2015) . Collins et al. (1997) used adsorption experiments by fixed-bed reactor for sulfur compounds removal after thiophenic compounds oxidation. Oxidation reaction requires agents such as (Irvine 1998 ) and ability of hetereoatoms adsorption and naphtha production with 30 ppm sulfur. One of the famous materials used in some compounds removal from liquid and gas phases is zeolite. Organic solvents and transportation fuels were treated by zeolites in attaining high quality and price. Hence, a lot of efforts were made to find a proper precursor and modify present techniques to gain zeolites with specific applications (Houthoofd et al. 2008; Moattar and Hayeripour 2004) . Today, zeolite productions have been developed due to having a great amount of resources, low costs and increasing applications in industries (Wajima and Ikegami 2009; Tian et al. 2014 ).
According to the scientists' viewpoint, it is important to explain about the zeolite with improved structure and high adsorption of thiophenic compounds. Thiophene has sulfur atom electrons and its two lone pairs: one of them lies on p system electron, and the other lies on the ring plate. This molecule has two n-type donating electrons, and lone pair electrons lie in the ring plate of to adsorbent (sigma bond of metal-sulfur). Also p-type donating electrons by p electrons of the ring (p bond in metal complex) occur in thiophene molecule. Thiophene adsorption on improved zeolite (AgX-zeolite) occurs on the basis of hard/soft acids and bases rules. These explain that hard acids are related to hard bases and soft acids are related to soft bases. Hence, a silver ion is a soft acid that has high performance in valence electrons polarization and is related to soft bases (such as thiophene). On the other hand, silver ion can create p complex with thiophene by p-type bonds. Agzeolite has high adsorption of thiophene because of thiophene as a soft base related to Ag as a soft acid (Ma et al. 2005; Hernandez-Maldonado and Yang 2004; Yang and Hernandez-Maldonado 2003; Hernández-Maldonado and Yang 2003; Gong et al. 2009; Laborde-Boutet et al. 2006; Qin et al. 2014 ).
The present paper aim is based on the investigation of parameters with mutual effects, to improve sulfur compounds adsorption and finding the best adsorption condition. The specific aim of this study is to optimize the experimental conditions that maximize the adsorptive capacity of synthesized X-zeolite. This is done in nanoscale (by nanosilver ions) for desulfurization process design and by the use of the BBD design method (Bagheri et al. 2012; Kumar et al. 2008; Dutta 2013; Kumar and Srivastava 2012; Sumathi et al. 2009; Mourabet et al. 2012 ). This study was carried out in winter 2015 in Amirkabir University.
Materials and methods

Material
Chemical compounds that used in experimental step were pure, completely and directly used in reactions. NaOH tablets (99 %), anhydrous NaAlO 2 , SiO 2 as an aqueous solution (30 wt%) were attained from Aldrich.
Isooctane (99 wt%), thiophene (98 wt%) and AgNO 3 (99.9 wt%) were purchased from Merck.
Physical and chemical analysis
Bruker D8 Advance with Cu KR monochromatic source, scanning 0.05°/0.2 s that worked at 30 mA, 40 kV used for XRD (X-ray diffraction) plans and Optima 2000DV from Perkin-Elmer factory specified zeolite Chemical compositions.
N 2 isotherms were determined by the Micromeritics device (ASAP 2020) at 77°K. The first samples were degassed at 305°C for 12 h in 0.01 Pa constant vacuums. The information attained from isotherms was used for determination of DFT (pore size distribution), S (specific surface area), V t (total pore volume), L mic (average micropore size) and V mic (micropore volume).
A gas chromatography device used for determination of thiophene concentration in adsorption experiments was Shimadzu GC-17A with FPD detector (flame photometric detector), 30-m capillary column EC-5, 32 9 10 -2 mm diameter. The oven temperature was raised to 190°C from 50°C (5°C/min), and the injector temperature was 70°C. The retention time for thiophene was 7 min (thiophene dissolved in isooctane).
The last results that used in this study are like others. The limitation of thiophene concentration in solution is determined after injection of different concentration solutions in GC; 0.56 ppm sulfur was the least detection level for detector in this device. Below this level, noise was appeared.
Vertex-70 from Bruker factory was used for FT-IR (Fourier transform infrared spectroscopy) tests that had a small cell and combine reactor.
Transmission electron microscopy (TEM) was carried out in a Zeiss EM10C-100 kV microscope.
Experimental Synthesis and improvement of nanoadsorbents
Anhydrous NaAlO 2 as an alumina source and SiO 2 (colloidal, 30 wt%) as a silica source were selected. Produced hydrogel with 3.4 Na 2 O:2.9 SiO 2 :Al 2 O 3 :150 H 2 O molar ratio was applied for the X-zeolite synthesis in proportional temperature. In the first step, NaAlO 2 was added to NaOH solution prepared from NaOH tablets in water, and then colloidal SiO 2 was added to the first step solution for attaining hydrogel. After mixing hydrogel for 45 min at an ambient temperature, hydrogel transfers to Teflon hydrothermal reactor for 22 h in 108°C in immobility condition. Then synthesized solids were filtered and washed with water (deionize) until pH reaches about 8. Finally, the products were dried in air atmosphere for 26 h at 100°C (Kostinko 1982) .
Initially, adsorbents were prepared by impregnation of zeolite with an aqueous solution of AgNO 3 (99.9 %) aiming at introducing 5.53 % of metal of adsorbent (sample named AgX-zeolite). The impregnation was performed in a rotary evaporator at 50°C for 2 h. Finally, the material was calcined at 436°C in a furnace under atmospheric air, for 4 h (2°C/min rate) after drying at 100°C. In this work, these samples are identified as modified nanoadsorbents.
Adsorption study
All of the experimental tests that used for measuring the adsorption performance were in a batch reactor. Produced feed was mixed 432 ppm sulfur as thiophene in isooctane that used as a model feed of naphtha; 10 mL from model feed with 0.5 g from selected adsorbent is put in stainless steel reactor (50 mL) and shaken for 4 h (constant time) in desired temperatures. The process time was investigated in several times. Finally, the results were analyzed and the best time was selected (Fig. 1) . After the test, adsorbents are filtered and liquid product injected to sulfur analyzer (GC) for the determination of sulfur concentration.
Experimental design
The statistical methodology was used for the optimization of thiophene adsorption on X-zeolite. The Box-Behnken method was selected for the investigation of factors effect: adsorption temperatures (°C), calcinations temperatures (°C) and metal percent (%) as shown in Table 1 . The two K factors need for three levels of rotatable factors. All of the factors were investigated at -1, 0, ?1, levels. Center points inclusion suggested a more precise approximation of error in experimental answers and produced a measure for the suitability of the model (lack of fit). On the other hand, this model can determine the importance of factors interaction. Investigated factors level and similarity between coded and actual types are shown in Table 2 .
Results and discussion
Nanoadsorbent characterization
The synthesized zeolite is white color, but after Ag impregnation and calcinations, its color changed dark. The synthesized zeolite XRD and improved adsorbent pattern that calcined at 436°C are shown in Fig. 1 . XRD patterns show several index peaks at 2.18°, 2.79°, 2.89°, 3.33°, 3.79°,7.55°, 8.94°, 14.16°and 38.10°, 44.30°, 64.50°, 78.30°Å (Cheng et al. 2015; Wajima and Ikegami 2009; Zhang et al. 2013 ). The same parameters in XRD patterns and Table 3 exhibited similarities between AgX-zeolite and synthesized X-zeolite structure without any change in crystals after metal impregnation and heat process in a furnace. This information has shown that metal ions did not make zeolite structures unstable. Synthesized and impregnated zeolite compositions are shown in Table 3 .
Measurement of Si, Al elements and their ratio in metalimpregnated zeolite and original case are similar to each other. AgX-zeolite has a stable structure because of the metal-Al ratio is existed without any change in its structure. This point shows that Al disintegration in impregnation step occurs rarely. All analyses showed impregnation, and calcination processes were successful without any change in zeolite chemical structure.
The FT-IR spectra of the synthesized X-zeolite, AgX, are shown in Fig. 2 . The FT-IR spectra of the synthesized X-zeolite and AgX corresponded to the zeolite X's characteristic peak. Zeolite X has the main characteristics of skeletal vibration peak: tetrahedron stretching vibration peak at 975 with a shoulder at 1053, 750, 668 cm -1 ; double 6-ring vibration peak of 562 cm indicated the Si-OH on the structure of zeolite, and zeolite AgX has the main characteristic of peak at 616 cm -1 . The IR analysis demonstrated that the impregnating Ag ion on synthesized X-zeolite has little effect on the zeolite chemical structure. The FT-IR spectra of the NaX, AgX- (b, d) which is assigned to the C-H stretching vibration of saturated CH 3 and CH 2 , indicating some of the adsorbed thiophene can undergo the opening of its thiophenic ring in adsorption processes, the change on the molecular structure has taken place Shi et al. 2013; Balkus and Ly 1991) .
The adsorption isotherm for sulfur compounds adsorption on AgX-zeolite is shown in Fig. 3 . The isotherm presents a Langmuir model (C s /q = 1/(Q m b) ? C s /Q m ) behavior (Shams et al. 2008; Song et al. 2015) to study model feed. The results of adsorption experiments use 0.2 to 0.7 g of adsorbent and 10 mL model feed which are shown in Fig. 3b (adsorption constant), Q m (saturation capacity) are calculated for the sulfur compounds adsorption, respectively, 3.648 mg/g and 0.133 mL/mg. Its correlation coefficient is 0.99, and this indicator by Freundlich model is 0.94. Therefore, the isotherm of AgX-zeolite was well described by the Langmuir model and fitted its curve by the Langmuir model for AgX-zeolite which shows that the Langmuir model described the thiophene molecule adsorption. The best performance was achieved by AgXzeolite, and for sulfur adsorption, enhancing the adsorption capacity of AgX-zeolite was high (about 8 mg s/g sorbent).
Pore structure characterization in the nanoadsorbents
Pore structures play the important role in the adsorption performance of adsorbents (AgX-zeolite) due to the complex formation on surface chemistry. The isotherms of N 2 adsorption/desorption in NaX-zeolite and AgX-zeolite at 77°K are noticed in Fig. 4 . Figure 5 shows the pore size distributions for NaX-zeolite and AgX-zeolite that pore size distribution and isotherms were used to attain this information. The super mesopores were noticed on the NaX-zeolite and AgX-zeolite clearly. BJH (Barrett-Joyner-Halenda) showed uniform mesopore distribution (size = 2 nm) and suitable analysis of isotherms desorption branch. Table 3 shows the NaX-zeolite and AgX-zeolite main characters. The Brunauer, Emmett and Teller (BET) was determined specific surface area of porous material such as zeolite adsorbents in special pressure range between 1 9 10 -2 and 25 9 10 -2 . Figure 4 shows total pore volume about 0.99 by estimating via using the (BET) equation in the relative pressure ranges (P/P0) from 0.01 to 0.25, and V t Fig. 4 shows the total pore volume via adsorption isotherm by estimation process. Total pore volume of adsorbent is completely filled with liquid N 2 in Cf mg/L mg S/g sorbent AgX-zeolite adsorpƟon AgX-zeolite desorpƟon NaX-zeolite adsorpƟon NaX-zeolite desorpƟon
(STP) g -1 Fig. 5 Nitrogen adsorption/desorption isotherms. Star NaX-zeolite desorption, triangle NaX-zeolite adsorption, big square AgX-zeolite desorption, small square AgX-zeolite adsorption boiling operation condition. Eventually, pores volume and total area of NaX-zeolite were larger than those of AgXzeolite. Hence, the NaX-zeolite pore size was smaller than AgX-zeolite. The best pore size is assisted with sulfur removal in the adsorption process (Fig. 5) . X-zeolite particular structure as a support and the Agadsorbent were studied by SEM in Fig. 6a , b, respectively. In calcined AgX-zeolite adsorbent that is shown in SEM images, impregnated silver ions on NaX-zeolite (calcination at 436°C). Improved adsorbent demonstrates a cubic shape and regular crystal structure with sharp angles that were completely coated with silver (Fig. 6a) . Figure 7a shows zeolite surface with precipitation of nanocluster of silver that was impregnated on NaX-zeolite (Fig. 7b) ; average nanocrystal size was about *5-8 nm (Fig. 7a) .
Various parameters effect on thiophene removal efficiency
To predict the ideal conditions for thiophene adsorption on the adsorbents, the main points were given to software (Box-Behnken) that contributed to the central point; fit brief of product exhibits that the adsorbent in this system produced from high efficiency and benefit model. The ratio statistical implication of the mean square changes due to the mean square error, and regression was tested by the ANOVA (variance investigation). ANOVA is a statistical technique that subdivides the total variation in a set of data in parts associated with specific sources of variation for the purpose of testing hypotheses on the model parameters. Table 4 information indicates that the ANOVA analysis, which is the most important individual effect for AgXzeolite adsorption of thiophene, was the metal percent (P = 0.0003) followed by the calcination temperature (P \ 0.0001) and adsorption temperature (P = 0.1092). Investigation of factors mixed effect and experimental tests were performed for the mixing parameters by designed experiment tests statistically. Responses (Y) for thiophene adsorption on AgX-zeolite are listed in Table 2 according to its matrix.
The amount of the predicted thiophene removal and the real values are shown in Fig. 8 , although these values are less than MIP adsorbents, but the present adsorbent can remove the complex of fuels sulfur compounds simultaneously (Yong et al. 2014) and this adsorbent has a better performance and higher efficiency about 60 % rather than other zeolite adsorbents. (Tian et al. 2014; Qin et al. 2014) In this plot, data points lie on acceptable near to a direct line. Experimental level of investigation distributes completely. The real thiophene removal measure is the The results demonstrated that the thiophene adsorption capacity of AgX-zeolite raised by raising adsorption temperature. Again, it was observed that with the raising calcination temperature, the thiophene adsorption increases with the surface area of zeolite which has more adsorptive sites. The metal percent on zeolite plays a vital role irrespective of the other experimental parameters with increasing adsorptive sites and metal-sulfur interactions (Fig. 9) . A rule for foreseeing connection among the factors, responses and interactions is by examining plots. In this analysis method, each contour demonstrates some mixture of two variables with others at several quantities. The response surface contours were plotted against measure of calcination temperature/metal percent, adsorption temperature/metal percent and calcination temperature/adsorption temperature as shown in Fig. 10 . The interaction between metal percent and calcination temperature was vital dual effect (P \ 0.0057). The interaction between metal percent and adsorption temperature was the second vital effect (P = 0.0545), and interaction between calcination temperature and adsorption temperature was the least effect (P = 0.0703). The highest measure of the adopted determination coefficient (R 2 Adj = 0.9789) was recorded. This result denoted of total variation on thiophene adsorption information that explained by chosen model is about 97.89 %. The suitable precision ratio that is about 22.157 shows suitable signal-to-noise ratio. Hence, coefficient adopted the determination in model is about 70 % and suitable precision ratio is more than 4. Produced model used in the design space and determined process provides excellent conditions. Calcination temperature and metal percent had the most significant effects on thiophene adsorption at calcination temperature of 436°C with metal percent, 5.53 %, and the model predicted thiophene adsorption efficiency is close to 50 ppm on AgX-zeolite, because the level of calcination temperature, adsorption temperature and metal percent were optimized for high adsorption.
After searching between 17 starting points, the best answer was selected (Fig. 10) 
Experimental regeneration
A regeneration process for situation AgX-zeolite that situated by sulfur compounds was performed in hot air (210°C) for 1 h. Regenerated AgX-zeolite performance was used five times as a fresh adsorbent and was given the best performance.
Conclusion
According to the BBD method design, 21 experimental tests were considered to determine the effects of metal percent, calcinations temperature, adsorption temperature and their desulfurization ability via an adsorption process. The method and experimental results were scrutinized by statistical analyses for determination of interaction parameters. According to results, two parameters that have the best interaction with the adsorption process are metal percent and calcination temperature. 3D diagrams in software and contours demonstrate method results summary on response surface. Also increasing the metal percent causes diminishing the adsorption ability. Therefore, this factor has a lower convergence tendency in responses. The Fig. 10 Response surface graph in three dimensions for sulfur removal versus metal percent, calcination temperature and adsorption temperature for thiophene-zeolite adsorption system calcination temperature results in a better adsorption and causes a higher desulfurization. More metal percentage and adsorption temperature increase the adsorption ability. According to the experimental design best condition, calcination temperature, adsorption temperature and metal percentage for the best adsorption are 436, 83°C and 5.53 %, respectively, and this adsorbent had 3 % difference in predicted performance (Table 5 ). The simulation and experimental results can be applied in refineries desulfurization, process for sulfur removal development.
